Abstract & Context A clear understanding of the genetic control of wood properties is a prerequisite for breeding for higher wood quality in Populus tomentosa Carr. hybrid clones. & Aims The experiments aimed at unraveling genetic and environmental effects on wood properties among triploid hybrid clones of P. tomentosa. & Methods We used 5-year-old clonal trials established in Northern China to assess the heritability of wood density and fiber traits. Two hundred seventy trees from nine clones were sampled in five sites. & Results Site had a very significant effect on all recorded traits. Despite this large site effect, a tight genetic control was detected and clonal repeatability varied between 0.53 and 0.95. Significant genotype×environment interactions were detected for most of the traits. Moderate to tight correlation were evidenced among traits but they were not consistent with that in several cases that were site-dependent. & Conclusions Our results revealed a tight genetic control over several wood properties and therefore breeding programs might be able to improve wood density, fiber length, and coarseness in these hybrids.
Introduction
Wood and fiber properties are very important for the properties of pulp and the subsequent production of paper. It has been shown that wood density is an indicator of pulp yield and has always had an impact on paper quality (Schimleck et al. 1999) . Paper properties are highly correlated to fiber traits, such as fiber length, fiber width, and coarseness (Karlsson 2006; Mansfield and Weineisen 2007) . However, wood density and fiber properties generally show a high heritability and respond well to genetic improvement (Zobel and van Buijtenen 1989) . Furthermore, the wood properties stem from interplay between environment and genotype, which is an important interaction to consider in breeding programs to ensure precise estimates of breeding values. Moreover, some properties are highly correlated, making genetic correlations between wood traits integral to estimating the correlated response and in selection of specific breeding programs.
Triploid hybrids of Populus tomentosa are an important commercial species in northern China. These triploids are combined with both hybrid and polyploidy vigors. Hybrid vigors have been observed in poplar and are seen as a driving force in poplar breeding, while previous studies have demonstrated that triploid poplar hybrids have a high growth rate and longer fibers (Einspahr 1984; Zhu 2006) . The wood is used in both the swan timber and pulp industries (Zhu 2006) . Compared to P. tomentosa, the triploid hybrids have higher cellulose and holocellulose content and lower lignin content (Yang et al. 2006; Zhu 2006) . Due to the aforementioned advantages, triploid hybrids of P. tomentosa clones are widely planted in the Hebei, Henan, Shandong, and Shanxi provinces in order to obtain a high fiber yield from the crops.
In China, triploid breeding programs for P. tomentosa have mainly emphasized improvements in tree growth, trunk formation, disease resistance, and adaptability (Zhu 2006) . Several studies have focused on the wood properties of P. tomentosa. Xing and Zhang (2000) reported variations in wood density among clones, radial direction, and vertical direction. Pu et al. (2002) examined variations in fiber morphology between clones and annual rings, while Wu et al. (2011) studied the genetic parameters of fiber traits. However, these studies were performed on a single site and lacked a description of the relationship between wood density and fiber traits, or failed to analyze correlations between different fiber traits. In addition, our previous work (Zhang et al. 2012 ) has analyzed the genetic variation of basic wood density (BWD) and fiber length (FL), and their relationship to growth rate. However, the systematic analyses for BWD and fiber properties are still necessary to guide the incorporation of wood with high quality traits into tree breeding programs for the pulp and paper industry.
The objectives of this study were to (1) describe BWD, FL, fiber width (FW), ratio of fiber length to width (FL/W), and fiber coarseness (C) in triploid hybrids poplar from five clonal trials in northern China; (2) evaluate inheritance of these traits; (3) estimate genotype and environment interactions for these traits; and (4) examine the genotypic relationships between these traits.
Material and method

Materials
The materials used in this study came from five triploid hybrid poplar clonal trials in northern China, which were established from cuttings by Beijing Forestry University on agricultural soil with typical conditions of site fertility for P. tomentosa. Characteristics of the five clonal trials are presented in Table 1 . The planted cuttings were 20-25 cm in length and 1.5-2.0 cm in diameter. Clonal trials were established in a randomized block design with three blocks. The trials consisted of nine triploid hybrid clones on each site. The triploid hybrid clones were induced from a crossing between a 2n pollen producer of diploid P. tomentosa and a diploid hybrid P. tomentosa×Populus bolleana L. (Zhu et al. 1995) or a diploid hybrid Populus alba L.×Populus glandulosa Uyeki (Zhu, unpublished) . Seven of them came from the first hybrid combination, while the P. tomentosa×P. bolleana parents were produced in Beijing by Xu in 1958. The P. alba×P. glandulosa parents were introduced from Korea in 1984. No thinning was applied during the trial period until the time of sampling.
A total of 270 trees were sampled from the five sites in the spring of 2009 and 2010, so as to retain the consistency of the 5-year-old sample. Trees were sampled randomly, six ramets (from the six different trees) per clone were chosen fully at random on each site.
Measurements
To assess wood properties, a 10-cm-thick disk was taken from each tree at breast height (1.3 m) above ground level. For each disk, the BWD was determined, on a small rectangular pith-to-bark wood specimen with dimensions of 20 mm vertically×20 mm radially, using the maximum moisture content method described by Smith (1954) .
For intraring analysis of fiber properties, matchstick-sized wood specimens (each representing two annual ring pairs) were chipped away from the stem disks and then macerated in a boiling 1:1 (v/v) mixture of acetic acid and hydrogen peroxide. Thereafter, FL and FW were measured using the L&W Fiber Tester (AB Lorentzen & Wettre, Kista, Sweden) based on imaging analysis. During the fiber measurements, a highly diluted suspension flowed between the two glass plates, which are close to each other and thus limits the possibility of the fibers moving in one direction but allows them to move freely in the other two directions. As a result, the two-dimensional images permit the measurement of fiber length and deformations separately. According to the high speed of the L&W Fiber Tester, about 5,000 fibers were measured on each sample within a few minutes. C was calculated based on dry mass of the sample and total length of fibers was measured by the L&W Fiber Tester, and FL/W was calculated based on FL and FW measured.
Statistical analysis
Variance analysis was done using the GLM procedure in SAS Release 9.2 (SAS Institute, Cary, NC, USA). The following linear models were used for joint analyses (1) of the five sites together and for separate analyses (2) of individual sites:
where Y ijk is an observation on the kth ramet from the ith clone in the jth site, Y ik an observation on the kth ramet from the ith clone, μis the overall mean, S j is the random effect due to the jth site, C i is the fixed effect due to the ith clone, C i S j is the random effect of interaction between the ith clone and jth site, and e ijk and e ik are the random residuals. The models assume that the random effects are normally distributed with the expectation equal to zero and corresponding b σ 
Estimates of genetic parameters
Variance components were derived separately from the model (2) for each site. Genetic parameters and their standard errors were estimated using variances and covariances obtained from the SAS VARCOMP procedure by residual maximum likelihood estimation method. The genotypic variance component, which corresponds to broad-sense heritability, was expressed in percents of total phenotypic variation of all random effects using the formula: The genotypic coefficient of variation was calculated using the following formula:
where X is the phenotypic mean. Similarly, the environmental coefficient of variation was calculated from the residual variance. The coefficient of phenotypic variation was obtained from the phenotypic variance component which was estimated as b σ
e . The repeatability of clonal means (R c 2 ) was estimated as:
where k is the harmonic mean number of sampled trees per clone within a site. The standard errors for repeatability estimates were calculated based on the formula by Becker (1984) :
where N is the number of clones tested and n is the total number of individual values. Genotypic correlation coefficients (r G ) between traits at each site were estimated as (Becker 1984) : ð Þ is the clone variance component for the trait y. To calculate genotypic correlation coefficients, the data were standardized to mean=0 and σ=1. Because of sampling errors and mathematical approximation, some genotypic correlations exceeded ±1. In these cases, they were assumed to be equal to ±1 considering the asymptotic nature of distribution of correlation coefficients. The covariance component was estimated using the following equation:
Þ is the variance component for the sum of trait x and y. The standard errors of genotypic correlations were estimated using the following equation (Falconer 1981) :
where R x 2 is the repeatability estimate of the character x, x,R y 2 is the repeatability estimate of the character y; b σ R 2 x ð Þ is the standard error of R x 2 , and b σ R 2 y ð Þ is the standard error of R y 2 .
Moreover, the significance of the genotypic correlations was tested with the t test.
The magnitudes of genotype by environment interactions were estimated by analyzing combined sites under the general linear mixed model given in Eq. (1). According to Falconer (1981) , the expression of a trait in two different environments can be viewed as two distinct characters, the computation of a genetic correlation between them were able to evaluate the contribution of each pair of treatments to the total clone×environment interaction. These type B genotypic correlations (Burdon 1977) were estimated based on measurements of sample ramets from the same clones planted on different sites using the following formula:
where r p(x1,y2) is the phenotypic correlation coefficient between the clone means estimated between x measured in site 1 and y measured in site 2 and R C(x1) and R C(y2) are the square roots of their clonal mean repeatability, estimated for x and y at sites 1 and 2, respectively.
Results
Mean values and site effects
The means and one standard error of the mean of all the studied traits in each of the five clonal trials of triploid poplar are presented in Table 2 . Trees at the Zhengzhou site had the lowest BWD. The highest BWD was observed at the Gaotang site, with the difference between the lowest and highest average BWD amounting to 8.1 % ( Table 2 ). The fiber of the triploid poplar was longest at the Gaotang site, whereas the triploid poplar had a minimum FW so that the FL/W of the triploid poplar was largest at it. Nevertheless, the fiber of the triploid poplar was shortest at the Yanzhou site and narrowest at the Zhengzhou site. The C of trees at the Zhengzhou site was 12.1 % higher than the C of those at the Xiangfen site. The joint analysis of all five trials (model 1) showed significant site effects for BWD and fiber traits (Table 3) .
Clonal variation and repeatability
The joint analysis (model 1) indicated significant (P<0.001) clonal effects for BWD, FL, FW, FL/W, and C (Table 3 ). The analysis of variance, repeatability and coefficients of genotypic, environmental, and phenotypic variation at each individual site are presented in Table 4 . Significant differences (P<0.01) were found among clones for all traits at five sites (model 2), except the FL/W at the Xiangfen, Taiyuan, and Zhengzhou sites, for which the level of significance of clonal effects was not high (0.01<P<0.05). However, the highest significance of clonal effects (model 2) was obtained from FW at the Yanzhou site, where the clonal effects were relatively higher than other sites (Table 4) . Genotypic variations of all traits were rather low, with the coefficient of genotypic variation (CV G ) at individual sites being of the same magnitude (1.4-6.4 %). In general, the CV G of fiber traits was lower than that of BWD, except for C (Table 4) . However, clonal repeatability of BWD was lower than that of most fiber traits at each individual site, excluding BWD at the Xiangfen site. Repeatability of FL/W at Yanzhou site was up to 0.93, which was rather high compared to the FL/W of other sites. Repeatability of BWD and fiber traits at the Zhengzhou site was relatively lower than at almost all other sites (Table 4) .
Genotype by environment interaction
The clone×site interaction was significant for BWD and fiber traits (Table 3) . However, the level of significance for FL and FW were not high (0.001<P<0.01), and that for FL/W was rather low (0.01<P<0.05). Type B genetic correlations were used to measure the importance of genotype by environment interactions for BWD and to measure fiber properties of the triploid poplar from combined sites analysis. Most of intersite (B type) genotypic correlations between the same trait at pairs of sites were moderate or strong and significant, except that for FL/FW at Yanzhou-Taiyuan and Xiangfen-Taiyuan sites (Table 5) . For BWD and FL, correlations were lower when the Yanzhou and Taiyuan site was involved, respectively. 
Genotypic correlations between traits
Genotypic correlations between traits at individual sites are presented in Table 6 . Moderate to strong (0.41-1.00) and significant positive genotypic correlations between BWD and fiber traits were found at specific locales, except when the BWD was strong or weakly correlated with the FL/W at the Yanzhou, Taiyuan, and Zhengzhou sites. However, correlations between BWD and fiber traits at the Yanzhou site were much lower than those at the Gaotang site (Table 6 ). FL had moderate to strong correlations with the other three fiber traits at individual sites. The relationships between FW and C were very strong (0.91-1.00) at all sites. Correlations between FL/W and FW or C were positive and moderately significant at the Taiyuan site, but these correlations were positively weak or negatively weak to moderate at other sites.
Discussion
Mean values and site effects
According to the five clonal trails in this study, the mean BWD values of triploid poplar hybrids, which varied from 320.9 to , were similar to those reported previously for 9-year-old clones of Populus euramericana (Beaudoin et al. 1992) and for 3-year-old clones of Populus deltoides (Olson et al. 1985) . However, the present BWD values for triploid poplar hybrids are somewhat lower than those reported for 9-year-old clones of the triploid P. tomentosa (Xing and Zhang 2000) , 3-year-old poplar hybrids clones of P. deltoides (Zhang et al. 2003) , and for 8-year-old clones of P. tomentosa (Song et al. 2000) . These differences might be due to the methods of estimation of wood density, species variation within poplars, differences in environmental conditions, and differences in the cambial age of samples. Moreover, the polyploidy of triploid poplar hybrids might not be disregarded. Previous studies have reported that the triploid poplar hybrids have larger cells and a lower lignin content than those used for diploid poplar hybrids (Einspahr 1984; Zhu 2006) . Conversely, wood density is influenced by both anatomical structure and chemical composition (Klasnja et al. 2003) .
The mean FL measured in this study were near to those mentioned by Geyer et al. (2000) for 4-year-old hybrid poplar clones and Yu et al. (2001) for 13-year-old hybrid aspen clones; however, clearly shorter than those reported by Pu et al. (2002) for 9-year-old triploid poplar hybrids grown in the Hebei province of Northern China. Mean values ranged from 24.2 to 25.4 μm for FW and 31.3 to 33.9 for FL/W, which were similar or slightly lower than those earlier reported by Fang et al. (2003) based on seven poplar hybrid clones and Pu et al. (2002) . Since the fiber growth of triploid poplar hybrids is in the form of length extension rather than thickening of the fiber wall (Yang et al. 2006) , it indicates that the FL/W of triploid poplar hybrids in this study might increase over a 5-year period. In this study, the C values measured for triploid poplars were based on five sites ranging from 100.2 to 112.3 μg/m, which were similar to poplar hybrid clones (Yu et al. 2001) and Populus tremuloides Michx. (Mansfield and Weineisen 2007) , and were much higher than those of Aspen clones (Karlsson 2006) .
In field-based experiments, it has been shown that many factors may impact wood and fiber properties including physiological age, genotype, method of culture, and heterogeneous field conditions (Pitre et al. 2007) . In this study, the five clonal trials were carried out under controlled conditions with the only exceptions being in the aforementioned the field conditions. Significant site effects were observed for BWD and fiber traits (Table 3) . Results indicated that edaphic and regional climatic conditions have significant wood property effects. These significant site effects on the wood density of poplar hybrids have been previously described and reported (Song et al. 2000; Zhang et al. 2003; Pliura et al. 2007 ). For fiber properties, some studies have shown that FL was more strongly influenced by genotype than by environment conditions (DeBell et al. 2002; Yu et al. 2001) . Yu et al. (2001) reported a lack of interaction between fiber properties and test sites, while Pitre et al. (2007) reported that there was a short-term response on the fiber properties adapting to a shift in nitrogen availability, and Mansfield and Weineisen (2007) found that geographic location imparts influences on fiber coarseness traits of P. tremuloides Michx. Wood properties and composition are modulated by the developmental state as well as environmental conditions because the environmental conditions have various effects on fiber development and properties (Pitre et al. 2007 ). The significant site effects on fiber properties observed in this study may be attributed to differences in the developmental fiber stage or maturation caused by the diversity of environmental conditions of the five clonal trials.
Clonal variation and repeatability
Clonal effects in the joint analysis (model 1) for BWD and fiber traits were significant (0.01<P<0.05). This finding was supported by Zobeland and van Buijtenen (1989) that wood and fiber properties were generally under strong genetic control. Previous studies (Yu et al. 2001; Zhang et al. 2003; Pliura et al. 2007 ) also reported a significant clonal effect in the wood density of poplars or their hybrids, as well as for fiber properties (Yu et al. 2001; DeBell et al. 2002; Fang and Yang 2003) . Clonal effects on BWD and fiber traits varied (Table 2 ). This indicates the presence of interactions, which were probably caused by differences in climatic or edaphic conditions between the test sites. Genetic variance standardized to the trait mean (CV G ) is a more appropriate parameter than heritability for evaluating how traits will respond to selection. The values of CV G for BWD range from 3.3 to 4.6 % (Table 4) , which is consistent with Pliura et al. (2007) , who reported 4.0-6.8 % CV G for the wood density of hybrid poplar clones. The CV G values of fiber traits in this study were consistent from site to site and were of the same magnitude as the CV G values for BWD (Table 4 ). In a study of an 11-year-old Betula pendula clone (Zhang et al. 2003) , the CV G values of the wood and fiber properties were also quite low, ranging from 3.5 to 6.2 %. These indicate that there is an equivalent genetic potential for the improvement of BWD as for FL, FW, FL/W, and C. In addition, the CV G values of fiber traits in this study were lower than those of BWD, except for coarseness. However, the conclusions made by Cornelius (1994) based on reviewing a multitude of research papers on heritability and genetic variation in forest tress, suggests that the CV G of wood density tends to have a lower values than any of the other quality traits studied.
Repeatability estimates of triploid poplars in this study were medium to high (Table 4) , which was consistent with those presented in the literature on poplar/poplar hybrids. Repeatability for BWD was estimated to be 0.92 in hybrid poplars (Zhang et al. 2003) , ranging from 0.82 to 0.91 in P. tomentosa Carr. (Song et al. 2000) . Yu et al. (2001) reported repeatability of FL and C across two sites at 0.65 and 0.56, respectively. The analyses of clonal mean repeatability suggested that high genetic responses could be expected for BWD and fiber properties, following clonal selection of triploid poplars for industrial planting.
Clone×site interactions
Since triploid poplar breeding programs deal with developing clones suitable for different environments, genotype×site interactions may have a significant impact on the precision of breeding values estimates, thus reducing genetic gain. Due to incongruity between test locations and deployment zones, G×E interaction, if improperly accounted for, could result in a bias of estimates and thus in a decrease in genetic gain. The clone×site interaction was significant for BWD (Table 3) . This finding was consistent with previous reports that significant clone×site interactions for wood density were observed in poplar hybrids (Zhang et al. 2003) . Clone×site interactions effects for fiber traits were relative smaller than that for BWD, as levels of significance were not high for FL, FW, and FL/W (Table 3) . Similar conclusions have been drawn for FL and C in hybrid aspens (Yu et al. 2001) .
Type B genetic correlation is a measure of the importance of environment interactions on genotype, which provides a more precise detection of genotype×environment interactions (Burdon 1977) . The absence of significant positive type B genotypic correlations between genotypic values at YanzhouTaiyuan and Xiangfen-Taiyuan sites for FL/FW (Table 5) indicated that true G×E interaction was present and that difference between these sites might be contributed the clone×site interaction. However, the type B genotypic correlations between sites for BWD, FL, FW, C, and in most case of FL/W were positive and strong (Table 5) , which indicated that the wood properties of clones were rather stable across sites. Results of present study agree with conclusion by Zobel and Jett (1995) that performance of genotypes across environments for wood properties was rather stable.
Genotypic correlations between traits
The reports from previous studies on the relationship between wood density and fiber traits are often varied. For maritime pines, an insignificant genetic correlation has been obtained between wood density and FL (Pot et al. 2002) , while FL was not correlated with wood density in poplars (Zhang et al. 2003) . Luostarinen (2011) reported that in the Siberian larch (Larix sibirica Ledeb.), wood density was negative correlated with FW in 1-5 years. Only after 15-20 years did this correlation become positive. For C, a negligible genetic correlation to density was obtained in the radiata pine (Nyakuengama et al. 1999) . However, Pot et al. (2002) observed a strong relationship between wood density and C in maritime pines. In this study, BWD has shown significant positive correlations with fiber traits, except for no or weak correlations with FL/W in some sites. This indicated that the selection for BWD might be influenced by the fiber traits. Since BWD had high and positive genetic correlations with FL and C, which are two traits very important to pulp and paper, these favorable correlations indicated that selection for BWD could increase FL and C in a triploid poplar selection program. For fiber traits studied in our present research, the FL was significant and positively correlated with the other three traits, while the relationship between FL/W and FW or C varied in different clonal trials. These implied that FL could be a good predictor of fiber traits. However, the only significant relationship between the different fiber properties was obtained between FW and C in B. pendula (Stener and Hendenberg 2003) . Nevertheless, a report (Via et al. 2004 ) based on a review of a multitude of research papers suggested that FL and C showed a weak genetic correlation in the radiata pine, but a very strong correlation in the maritime pine. The correlations between FW and C were quite high (r G range from 0.91 to 1.00). Because C is measured on a weight per unit length of fiber basis, these significant correlations have been expected.
